less than 15 % of the average rate normally observed, but the head and neck regions on their own could break down urea at higher rates. Washings of mouth, nasopharynx, and traehea, contained high urease activities.
(Received 27 July 1953) The presence of urease in suspensions of the gastric mucosae of dogs, cats, sheep, and bullocks, was first established by Luck (1924) . Rigoni (1930) , Martin (1932) , Cardin (1933) , Hollan (1947) , Fossel (1947) and Glick (1949) showed the enzyme to be present also in human stomachs. FitzGerald (1946) claimed to have found urease activity in the gastric mucosae of frogs, rats and pigs.
Although the enzyme occurs in the ground gastric mucosa of a variety of animal species, the evidence for the in vivo activity of gastric urease was slight and often contradictory, and its physiological role was still a matter for conjecture when the present series of investigations was begun. As shown previously in experiments with urea, labelled with "IN or 14C, in intact cats (Davies & Kornberg, 1950b; Kornberg & Davies, 1952a, b; Komberg, Davies & Wood, 1954) , urea is broken down in vivo, but the enzyme responsible for this hydrolysis in cats not secreting gastric juice is situated almost entirely in the head and neck, is of bacterial origin, and is independent of the presence of the stomach (Komberg et al. 1954) . Only when the stomach was stimulated to secrete gastric juice did gastric urease activity manifest itself , and it was therefore concluded that the in vivo activity of the enzyme is closely related to the activity of the secreting stomach.
The work described in this paper was undertaken to throw light on the possible physiological role of the enzyme.
Part of this work has been communicated to the Biochemical Society (Komberg, Davies & Wood, 1953) .
EXPERIMENTAL
The general experimental techniques used in the treatment of cats, in the collection and analysis of respiratory, blood, and tissue, samples, and in the determination of radioactivity, were those of , . The special procedures employed are described later. Urease activity was expressed as Qurea (idl°02 evolved/mg. dry wt./hr., where 22-26 11. of C02 at s.t.p. are equivalent to 1 jtmole of urea).
RESULTS
The effect of acid secretion on urea breakdown The in vivo activity of gastric urease, which could not be demonstrated in cats not secreting gastric juice , became apparent when cats were stimulated to secrete gastric acid. Histamine (15, ug ./min. in 0 5 ml. 0.9% (w/v) NaCl) was infused into the right jugular vein of a cat, which had been injected with [14C] urea 45 min. previously.
The rate of secretion rose within 1 hr. 15 min.
from 0 to 0*24 ml. of juice/min.; it fell again to zero when the infusion of histamine was discontinued ( Fig. 1, curve 5B). These changes were accompanied by changes in the specific activity of the expired carbon dioxide (Fig. 1, curve 5A ). Some 15-20 min. after the start of the infusion, the specific activity rose sharply from the steady level of 60 counts/min./ mg. carbon, to a peak (reached 15 min. after cessation of the histamine infusion) of 86 counts/ min./mg. carbon. It then fell rapidly within the next 45 min. to 66 counts/min./mg. carbon. Despite the almost complete evisceration of the animal 30 min. later, the specific activity decreased only slightly over the next 1 hr. 30 min. These results show that the breakdown of urea by the cat was greatly accelerated by the administration of histamine, and that the rate of this increased breakdown was paralleled by the rate of secretion of acid juice. The failure of the specific activity to fall to any major extent after the almnost complete evisceration of the animal confirms that most of the abdominal viscera do not participate in the hydrolysis of urea by cats not secreting gastric juice .
Similar results were obtained in a more extended experiment (Fig. 1, curves 6A, B) . The infusion of histamine was begun 2 hr. after injection of [140] urea and was maintained for 2 hr. During this time, 197 ml. of gastric juice were secreted, and the rate ofsecretionofjuice (Fig. 1, curve 6B ) againparalleled the rate of increased urea breakdown (Fig. 1, curve   6A ). The specific activity of the expired carbon dioxide rose from 50 counts/min./mg. carbon at 2 hr. 15 min. to 96 counts/min./mg. carbon at 4 hr. 15mt. and, in the 2 hr. after cessation of the histamine administration, fell to 56 counts/min./mg. carbon. At 5 hr., the stomach of the cat was removed. From 6 to 8 hr., histamine was again infused into the now gastrectomized animal. There 364 1954
GASTRIC UREASE ACTIVITY IN THE CAT was no major change in the specific activity of the expired carbon dioxide during or after the infusion, the curve of specific activity against time being of constant slope and apparently a continuation of the curve obtained in the first 2 hr. after injection of
[14C]urea.
These results confirm that the increased breakdown of urea observed was caused by the action of histamine, and that the site of this action was the stomach. The continued expiration of [14C]carbon dioxide after removal of the stomach again proved the existence of urea-splitting processes in the body elsewhere than in the stomach ).
The effect of the presence of acid in the stomach on the breakdown of urea It has been suggested frequently that gastric urease, by producing ammonia from the hydrolysis of urea, may act as a neutralizing agent and protect the mucosa from attack by acid and pepsin (Luck & Seth, 1925; Linderstrom-Lang & Ohlsen, 1936; Ohlsen, 1941; FitzGerald, 1946; Fossel, 1947; FitzGerald & Murphy, 1950; Glick, Zak & Von Korff, 1950 ; Von Korff, Ferguson & Glick, 1951) . If this were indeed the physiological function of the enzyme, gastric urease activity might be expected to manifest itself not only during the secretion of acid juice, but also in response to the presence of acid in the stomach (FitzGerald & Murphy, 1950) . The result of an experiment to test this point is shown in Fig. 2. [14C]Urea was injected into a cat from which had been removed the intestinal tract from pylorus to anus, the pancreas, ovaries, uterus and both kidneys. The specific activity of the expired carbon dioxide reached a constant level of 16 counts/min./mg. carbon after 1 hr. At 2 hr. 20 ml. of 0-1 N hydrochloric acid were put into the stomach through a pyloric cannula. The acid remained in the stomach for 1 hr. Its presence did not cause any change in the specific activity of the expired carbon dioxide. When the acid was removed and the stomach was washed out with 0-9 % (w/v) sodium chloride, a small secretion of acid juice occurred, probably owing to the distension of the mucosa in the washing procedure. At the same time there was a slight rise in the specific activity of the expired carbon dioxide. At 3 hr. 45 min. a rapid secretion of acid was stimulated by the intravenous infusion of 8-3 mg. Priscol (2-benzylglyoxaline hydrochloride) in 4-88 ml. 0-9 % (w/v) sodium chloride in 15 min. There was a sharp rise in the specific activity of expired carbon dioxide when acid secretion commenced, and the curves of this increased urea breakdown (Fig. 2, curve A) and of the secretion of acid juice (Fig. 2, vivo not in response to the presence of acid, but as a consequence of the active secretion of acid juice by the stomach.
The effect of variations of blood flow through the stomach on the breakdown of urea The results obtained on the breakdown of urea through the action of gastric urease suggested that the in vivo activity of the enzyme was closely linked with the activity of the secreting stomach. It was feasible that this enzyme activity was a consequence of the greatly increased blood flow through the stomach during the secretion of gastric juice (Cutting, Dodds, Noble & Williams, 1937 a, b) . This was investigated by varying the temperature of, and thus the blood flow through, the stomach of a cat (Cutting et al. 1937 b) . Warm water (410) was circulated through a thin rubber balloon placed in the stomach, 2 hr. after injection of [14C]urea. At 3 hr. cool water (310) was substituted for the warm water. The pH ofthe surface ofthe mucosa remained neutral throughout the experiment. At 4 hr. the rubber balloon was removed, but it was not possible to stimulate acid secretion as the cat died shortly afterwards.
The effect on the expiration of [14C]carbon dioxide of these variations in the rate of blood flow through the stomach is shown in Fig. 3 . The circulation of warm water through the stomach was accompanied by a rise in both the rate of expiration of carbon dioxide-carbon (curve B) and of 14C (curve A); the VoI. 56 365 circulation of cool water was accompanied by a fall in both these rates. The specific activity of the expired carbon dioxide (curve C) remained constant throughout the experiment and was not affected by the changes in the temperature of the stomach. This showed that the changes in the rates of expiration of both labelled and unlabelled carbon dioxide-carbon 2, 90 .w S 60 
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were due to changes in the metabolic activity of the cat, and were not due to the activity of gastric urease. The activity of this enzyme was not, therefore, governed solely by the blood flow through the stomach, but by some other factors related to the elaboration of gastric juice.
The effect of the 8ecretion of non-acid juice on the breakdown of urea
Since the presence of acid in the stomach was not sufficient to evoke gastric urease activity, it was possible that the observed increased breakdown of urea was due, not to the secretion ofgastric acid, but to the passage through the mucosa of urea-containing water in the secreted juice. This possibility was suggested by the result of an experiment in which a cat was stimulated to secrete acid gastric juice, by intravenous infusion of histamine, and in which urogastrone inhibited the secretion of acid but not the secretion of juice (Fig. 4) . The rise in the specific activity of the expired carbon dioxide (A) was again paralleled by the rate of secretion of acid (C). After 3 hr. 30 min., 2 mg. of a urogastrone preparation, prepared according to Gray, Wieczorowski, Wells & Harris (1942) , were injected, a further 2 mg. being given 45 min. later. The effect of these quantities of urogastrone was to abolish the secretion of titrable acid, but, unexpectedly, to leave the secretion of juice (B) unaffected. The specific activity of the expired carbon dioxide did not fall with the fall in the acid content of the juice, but remained high and in its variations with time reflected the rate of secretion of the now neutral juice.
At 5 hr. 15 min. the infusion of histamine was discontinued. Both the specific activity and the rate of secretion of juice fell. After a further injection of 4 mg. of the urogastrone preparation, neutral juice secretion recommenced and the specific activity of the expired carbon dioxide rose again, to remain constant despite a further infusion of histamine.
This experiment showed that the activity in vivo of gastric urease was associated with the passage of liquid from the blood to the lumen of the stomach, and was not dependent on the presence of acid in such a secretion.
The breakdown of urea associated with the pawsage of urea solution from the lumen of the stomach to the blood Confirmation of these findings were obtained in two experiments in which [14C]urea solution was made to pass through the gastric mucosa, from lumen to blood.
[14C]Urea solution, containing 5 mm unlabelled urea, was placed in the cat's stomach, which had been ligated at the cardiac and pyloric ends. The pressure of liquid in the stomach was regulated by the height of a funnel containing 366 part of the urea solution which was connected by flexible tubing to a cannula inserted into the lesser curvature. In Expt. 20 (Fig. 5) , the stomach was filled with the urea solution at zero time, the height of liquid in the funnel being adjusted to be level with the top of the stomach, i.e. the pressure of liquid in the lumen was 0-3 cm. of solution.
[14C]Carbon dioxide quickly appeared in the expired air, the specific activity rising rapidly for 30 min. and more slowly after this time. The funnel was raised at 30 min. and more solution was added until the pressure at the top surface of the now greatly distended stomach was 13 cm. of solution.
Owing to the corrugated nature of the mucosa, this distension of the stomach probably caused no major increase in the surface area of the mucosa available to the solution. This increase in the pressure, and therefore in the rate of passage of urea solution out of the stomach into the blood (cf. Davies & Terner, 1949) , was accompanied by a rise in the specific activity of the expired carbon dioxide. At 1 hr., most of the urea solution was drained off and the pressure of the residual liquid in the stomach was again adjusted to 0-3 cm. of solution. This fall in the pressure, and therefore in the rate of flow of solution through the stomach wall, was reflected by a fall in the specific activity of the expired carbon dioxide. At 1 hr. 30 min., the pressure was again raised to 13 cm. above the top surface and the specific activity again rose sharply, reaching the value of 1540 counts/min./mg. carbon at 2 hr. 30 min., at which time the experiment was discontinued.
Analysis of the acid-volatile [14C]carbon dioxide of the urea solution removed from the stomach showed that less than 0 08 % of the total radioactivity of the solution was present in this form, i.e. that the specific activity of the [14C]bicarbonate present in the solution was less than 50 counts/min./ mg. carbon: the very high specific activity observed at the end of the experiment in the carbon dioxide expired by the cat could not, therefore, be due to the passage into the blood of [14C]bicarbonate produced by any bacterial breakdown of the urea solution in the lumen ofthe stomach. The specific activity ofthe urea in the blood at the end of the experiment was 42 counts/min./mg. carbon, which was approximately 40 times less than the specific activity of the acid-volatile carbon dioxide of the blood at this time.
These results showed that the rate of breakdown of urea by gastric urease could be determined by the rate ofpassage ofurea-containing liquid through the mucosa, and that most of the urea thus passing through the stomach wall was hydrolysed before entering the blood; the urease responsible for this hydrolysis must therefore be located within the gastric epithelium.
A second experiment (Fig. 5, curve 21 ) gave similar results. After putting [14C]urea solution at 0-3 cm. pressure, and pH 6-8 into the stomach, [14C]carbon dioxide appeared rapidly in the expired air, the specific activity reaching a constant value after 30 min. At 1 hr., the stomach was distended by raising the pressure within it, to 13 cm. above the top surface; the increased flow of urea solution thus achieved was again accompanied by a rise in the specific activity of expired carbon dioxide. At 2 hr., all the urea solution was removed from the stomach and acidified to pH 1.5. The acid liquid was reintroduced into the stomach and maintained at 0-3 cm. pressure for 1 hr. The specific activity during this time continued to rise slightly since all the [14C]carbon dioxide produced within the cat in the previous hour had not yet been expired (cf. Kornberg & Krebs, 1952) . Fig. 4, curve 21 ) that the urease in the mucosa was located at a site protected from destruction by acid. These considerations therefore made it unlikely that the urease activity of the stomach was due to the presence of bacteria in the lumen throughout the experiments, and suggested a deposition of urease by the bacteria on to the mucosal tissue as a more likely alternative.
Manometric investigations of the urease activities manifested by cultures of bacteria isolated from mucosal suspensions (Kornberg, 1953) showed that, after removal of the organisms grown in various nutrient media, the residual media contained urease, and that with increasing age of the cultures increasing amounts of urease appeared in the media. Whereas these findings do not necessarily show that the bacteria in the stomach are able actively to secrete urease, they support the view that they can deposit urease into the surrounding medium. This was further tested by treating a cat for 3 days with 'PTS mixture' (by which time the faeces contained no viable bacteria) and then removing a portion of the stomach from the corpus region. Analysis of the extirpated portion for urease activity and bacterial content showed that, although no viable bacteria were present, the mucosal suspension had high urease activity (Qlrea = 23). This demonstrated that gastric urease activity could, under these conditions, be present in the absence of viable organisms. When the cat had been given time to recover from the operation (10 days), treatment with 'PTS mixture' was recommenced and continued for 5 days. After this time the stomach was completely removed and analysed for urease activity and bacterial content. It was found that no viable bacteria were present and that all urease activity had disappeared. These results show that the abolition of urease activity in cats treated with 'PTS mixture' was not due to the inhibition of the enzyme by the mixture ), but that it was due to the elimination of urea-splitting organisms. Since gastric urease could be detected after 3, but not after 5 days of treatment, it also seemed likely that the urease activity observed after the shorter time was due to the presence of enzyme of bacterial origin, which had been deposited in the mucosa but which had not yet been broken down by the cat. After the longer time, all the deposited enzyme had been destroyed.
The urea and ammonia contents of gastric juice The concentration of urea in the gastric juice secreted by the cats was measured manometrically with jack beanurease (cf. , and the ammonia content was measured by the method of Conway (1947) . It was found that cats not treated with 'PTS mixture' secreted juice containing 0-51-0-67 mm urea, average 0-60 mM (eight samples). The ammonia concentrations ranged from 3-6 to 4-4 ml, average 4-2 mm, in good agreement with the average of 3 9 mm reported by Teorell (1933) . Cats treated with 'PTS mixture' (whose stomachs contained no gastric urease) 368 I 954 Table 1 . The breakdown of [14C]urea during the secretion of gastric juice (The average urea concentration in the body fluids of the cats was taken to be 7 mm. The amounts of 14CO2 expired as the consequence of gastric secretion were the amounts observed minus the amounts which would have been expired had secretion not occurred: these quantities were measured from the graphs of time against percentage of injected 14C expired. The urea space was taken to be 65% of the body weight Kornberg & Krebs, 1952) .
Experiments on the metabolism of [14C]bicarbonate intravenously injected into cats had shown that the rate of elimination of 14C from bicarbonate was given by the relation (100-P) = 28.4e-0.243t + 41.5e-0°0234t + 30.2e-000119t where P is the percentage of the injected 14C expired t min. after the injection . From this it was calculated (Kornberg, 1953) that the percentage P' of the total [14C]carbon dioxide produced through the action of gastric urease, which would be retained in the cat t' min. after the commencement of urease activity, was given by the relation P'= l/t' [117(1-e-0o243t')+ 1770 (1-e-0o0234t') + 25 400 (1 -e-OO00119t')]. Substitution of the appropriate times t' (the durations of the secretory periods for the four cats studied) in Approximate values in m-moles of these extra quantities of urea hydrolysed were derived by taking the average urea concentration in the body fluids of the cats to be 7 mm, and thus by expressing the percentages of urea hydrolysed in terms of the total amounts of urea in the cats. These values are given in the last column of Table 1 . The quantities of urea hydrolysed through the action of gastric urease were 12-23 ,moles of urea/hr. It has been stated (FitzGerald, 1946 ) that sufficient urease can be extracted from a cat's stomach to produce 66 mg. ammonia nitrogen from the hydrolysis of urea/hr., i.e. to hydrolyse 2-9 m-moles of urea/hr. However, the in vivo breakdown of urea by gastric urease proceeds at less than 1 % of this rate (cf. .
The disappearance of urea from the gastric juice. Experiments with [15N]urea by Von Korff et at. (1951) showed that the isotope abundance ratio of the ammonia nitrogen of canine gastric juice was identical with that of the blood-urea nitrogen, proving that the ammonia of the juice was exclusively formed from blood urea. It is thus possible to calculate the amounts of urea hydrolysed by gastric urease in the present experiments. In cats not treated with 'PTS mixture', the sum of urea nitrogen plus half the ammonia nitrogen of the juice averaged 3-2 mM; in cats treated with the mixture, this figure averaged 3-0 mm. It was therefore assumed that the urea concentration of the secreted juice would be 3-0 mm in the absence of gastric urease activity, and that the final concentration of urea of the juice was the average concentration determined in previous experiments, 0-60 mM. Hence the amounts of urea hydrolysed through the action of gastric urease were taken to be 24 369 VoI. 56 370 H. L. KORNBERG, R. E. I Table 2 . The hydrolysis of urea during the secretion of gastric juice (The initial concentration of urea in the secreted juice was assumed to be the sum of the observed concentrations of the urea + half the ammonia, i.e. 3 0 mm. The final urea concentration was taken to be the average determined, 0-60 mm. Hence the amount of urea hydrolysed by gastric urease was taken to be 2-4 m-moles/l. of secreted juice.) Vol (1925) reported that, after administering urea solutions to anaesthetized dogs (by stomach tube or by intravenous injection), the ammonia content of the blood entering the stomach was lower than that leaving it. This could not be confirmed by Mann, Grindlay & Mann (1941) , who described this blood ammonia as an artifact. Rigoni (1931) and Sumida (1935) perfused isolated dog stomachs with saline solutions containing urea, and stated that the emergent fluid contained less urea and more ammonia than the initial perfusing liquid, thus showing that urea had been hydrolysed in the stomach. Muraoka (1935) and Kitsukawa (1936) , who perfused isolated dog stomachs with ammonia and either arginine or ornithine plus citrulline, claimed, however, that small quantities of urea were synthesized in their experiments. Since these claims are contradictory to the earlier ones, the result of the perfusion experiments must be regarded with caution.
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A threefold increase in the ammonia concentration in histamine-stimulated dog gastric juice after intravenous injection of urea, was reported by Vladesco, Simci & Popesco (1931) . There was, however, a concomitant threefold decrease in the volumes of juice secreted in these experiments; the conclusion that breakdown of urea in the stomach had occurred is therefore not necessarily warranted. More convincing was the work of Hessel, Pekelis & Meltzer (1933) , who showed that in nephrectomized dogs the rise in the ammonia content of the gastric juice matched the rise in the concentration of blood urea.
Recent work with labelled urea showed that urea is hydrolysed in the body Jones, 1950; Davies & Komberg, 1950b; Skipper et al. 1951; Komberg & Davies, 1952a, b) , but that this breakdown is independent of the presence of the stomach in cats not secreting gastric juice . The experiments reported in the present paper show that the activity of gastric urease in the cat is a consequence of the passage of urea-containing liquid through the gastric mucosa, and that the presence ofacid in such a liquid is not essential to the activity of the enzyme. The abolition of all gastric urease activity after treatment of cats with 'PTS mixture' further makes it highly probable that gastric urease is of bacterial origin.
The physiological role of gastric urease The physiological role of gastric urease has been a matter for considerable speculation. After Mathews (1925) suggested that the hydrogen ions of the gastric acid were derived from ammonium ions, by the reaction NH4C1 NH3 (absorbed) + HCI, it was thought that the function of gastric urease was to provide ammonium ions for this reaction by the hydrolysis of urea to ammonium carbonate (Rigoni, 1930; Martin, 1932; Cardin, 1933; Mann & Mann, 1939; Martinson, 1950) . A tentative hypothesis, somewhat similar to that of Mathews (1925) , was put forward by Glick (1949) . Studies on the isolated gastric mucosa of Rana temporaria showed, however, that the rate of secretion of acid can be at least 500 times greater than the rate of urea breakdown, and that the store of urea in the isolated stomach is less than 3 % of the amount required to account for the acid secreted (Davies & Kornberg, 1950a . The work reported in the present paper also shows that the rates of acid secretion in the cat are greatly in excess of the rates of urea breakdown through the action of gastric urease, and it must therefore be concluded that gastric urease plays no part in the mechanism of acid secretion by the stomach. This view has been accepted by Glick and his co-workers (Glick et al. 1950 ).
It has frequently been suggested that gastric urease, by hydrolysing urea to ammonium carbonate, provides base which can neutralize part of the gastric acid, and that the enzyme therefore acts as an agent protecting the mucosa from attack by acid and pepsin (Luck & Seth, 1925; Linderstr0m-Lang & Ohlsen, 1936; Ohlsen, 1941; FitzGerald, 1946; Fossel, 1947; FitzGerald & Murphy, 1950; Glick et al. 1950; Von Korff et al. 1951 ). The present results show, however, that the activity of gastric urease is not elicited by the presence of acid in the stomach and is not dependent on the secretion ofan acid juice. Further, since apparently normal cats, devoid of gastric urease activity , and cats treated with 'PTS mixture', secreted acid without causing damage to the stomach, it would seem that the small neutralization of acid (< 2 %) through the action of gastric urease is not essential to the welfare of the stomach. It is therefore concluded that gastric urease plays no essential role in gastric physiology. SUMMARY 1. The in vivo hydrolysis of urea was determined from the expiration of [14C]carbon dioxide after intravenous injection of [14C]urea into fasted, anaesthetized cats, whose ureters were tied. When cats secreted gastric acid, there was an increase in the rate of urea breakdown, due to the activity of gastric urease. The gastric juice secreted contained, on average, 0-60 mm urea and 42 mm ammonia, and suspensions of the gastric mucosae contained urea-splitting staphylococci.
2. The activity of gastric urease could not be elicited by the presence of acid in, nor by variations in the blood flow through, the stomach. It was, however, evoked when the stomach secreted a nonacid juice.
3. By forcing [14C]urea solution at pH 1F5 or pH 6-8 through the gastric mucosa from stomach lumen to blood, it was shown that the activity of gastric urease was dependent upon the flow of urea-containing liquid past the enzyme, which is located in the stomach at sites protected from inactivation by acid. 6. The role of urease in the stomach is discussed. It is concluded that gastric urease is of bacterial origin, and plays no essential role in the physiology of the stomach.
